Introduction
Complications of blood transfusion may be divided into 2 categories corresponding to the time of the appearance of the first symptoms [1] : acute reactions that occur during or within 24 h after blood transfusion, and delayed complications that occur later than 1 day after administration of the blood product. With regard to the cause of the adverse event, infectious complications may be distinguished from non-infectious complications, and the latter further divided into immunologic and non-immunologic complications [1] . Immunologic adverse events can be caused by a cellular immune response (e.g. transfusion-associated graft-versus-host disease) or by an antigen-antibody reaction. Antibodies can be directed against all kinds of blood cells, such as red blood cells (RBCs), leukocytes, or platelets. From a clinical point of view, hemolytic transfusion reactions (HTRs) caused by antibodies against RBC antigens can be distinguished from non-hemolytic adverse events, such as febrile non-hemolytic reactions or allergic reactions. The consequences of an incompatible transfusion cover a broad spectrum: in some cases the patient only becomes immunized with alloantibodies bearing a potential risk for later transfusions or gravidities. Sometimes, serological tests (e.g. direct antiglobulin test (DAT)) become positive after the transfusion without any clinical symptoms. In other cases, the therapeutic effect of the transfusion (e.g. rise of the patient's hemoglobin value) is missing or too short lasting, but in a number of cases, severe or life-threatening disorders occur. The reasons for HTRs may be human error (e.g. misidentification of a patient, blood product, or blood sample) or are unavoidable (e.g. delayed HTR caused by a very weak antibody that could not be detected at the time of cross-match), whereas technical defects seem to be less frequent [2] . In some cases, several minor mistakes lead to major damage. Critical incident reporting (of near complications) and evaluation of adverse transfusion reactions shall not have the aim to find a guilty person but to reveal the cause of a transfusion reaction in order to treat the patient adequately and to find potential for improvement to prevent the occurrence or repetition of an adverse event.
Epidemiology
HTRs are the most feared noninfectious complications of blood transfusion, because they were responsible for the greatest part of transfusion-associated deaths from 1976 to 1985 in the USA [3] : 355 transfusion-associated fatalities were reported to the FDA, out of them 327 (including some infections) could be attributed to blood transfusion. 158 cases (48%) were caused by acute (immunological) hemolysis, 26 cases (8%) by delayed (immunological) hemolysis, and 6 cases (2%) by non-immunological hemolysis. 131 cases (83%) of acute hemolysis were due to ABO compatibility errors, 124 (95%) of them caused by an incompatible RBC transfusion. Since about 100 million units of RBCs were given to about 30 million patients in this 10-year period in the USA, the minimum risk of lethal HTRs is approximately 1:550,000 per unit (RBC concentrate or whole blood), but may be underestimated because of underreporting. In the UK, 34 HTRs were reported in 2006 (11 acute HTRs (32%), 23 delayed HTRs (68%); no fatality related to the transfusion reaction) [4] . Furthermore, 8 cases of ABO-incompatible RBC transfusions were reported; 2 of them suffered major morbidity, but no patient died. In the following, these 8 cases are added to the 34 cases of HTR. As about 3,000,000 units of blood components were issued in the UK in that year, the risk of HTR can be estimated at about 1:70,000 per unit (all blood components). For comparison, in Germany, the risk of an undetected infectious donation entering the blood supply was estimated in 2001/2002 for human immunodeficiency virus (HIV) to be 1:5,540,000 and for hepatitis C virus (HCV) to be 1:4,400,000 [5] . For Germany, no data about the incidence of lethal or non-lethal HTRs are available, because reports of inappropriate use of blood components (e.g. ABO incompatibility) are not stipulated by the German transfusion law [6] .
Etiology
HTRs are defined by an accelerated RBC destruction, either of the transfused RBCs, the recipient's RBCs, or -in special cases of delayed hemolytic transfusion reactions -both. Hemolysis may be caused by interaction of antibodies in the recipient's plasma with antigens on the donor's RBCs (major incompatibility), of antibodies in the donor's plasma with antigens on the recipient's RBCs (minor incompatibility), or in rare cases of antibodies in the donor's plasma with antigens on the RBCs of another donor that meet each other in the recipient's blood (inter-donor incompatibility). Acute HTRs can be caused by incompatible RBCs (from RBC concentrate, granulocyte concentrate, and -historicallyfrom whole blood) given to a recipient with regular antibodies, i.e. isoantibodies anti-A and/or anti-B, in the case of an ABO mistake, or with irregular alloantibodies induced by former blood transfusion or gravidity that are directed towards antigens other than ABO on the donor's RBCs. In the 1976-1985 series of transfusion-associated deaths in the USA, only 9 of 158 fatal cases of acute hemolysis were due to antibodies other than ABO: 5 due to anti-K, 1 due to anti-Fy a , 1 due to anti-Jk b , and 2 due to mixed antibodies including anti-Jk a , anti-Jk b and anti-Jk3 in one case and anti-E and anti-K in the other case [3] . Less frequently, an acute HTR may be caused by antibodies in the donor's plasma (from fresh frozen plasma (FFP), platelet concentrate (PC), immunoglobulin concentrate, rarely non-recombinant coagulation factor (F VIII) concentrate, or -historically -whole blood) that are directed against the ABO antigens on the patient's RBCs [7, A special situation may exist in patients after blood stem cell or bone marrow transplantation, and sometimes also after solid organ transplantation. Transmission of donor RBCs or donor plasma together with the transplant can be avoided by preparation procedures. However, if donor B lymphocytes have been transmitted together with the transplant, they may produce isoantibodies, in rare cases also irregular antibodies, in the recipient [9] [10] [11] . In the case of 'minor incompatibility' to the recipient's RBCs, this passenger lymphocyte syndrome may cause hemolysis, and in the case of (inter-donor) incompatibility to transfused RBCs also a HTR. Delayed HTRs are characteristically caused by a secondary immune response to an antigen on the donor's RBCs: if a patient had been immunized a long time before, the titer of an irregular alloantibody may have decreased so that it cannot be found by antibody screening or cross-match at the time of transfusion. In contrast to a primary immune response lasting several weeks to months and producing antibodies of the IgM class at first, a secondary immune response yields antibodies of the IgG class within 3-7 days and in high quantities. At that point of time, a great amount of donor RBCs are often still in the recipient's bloodstream. These RBCs now can be destroyed by the boostered antibodies. Delayed HTRs can be caused by irregular alloantibodies against a lot of RBC antigens, most commonly of the Rhesus, Kidd, Duffy, Kell, and MNSs system: In the 1976-1985 series of transfusion-associated deaths in the USA, 26 fatal cases of delayed hemolysis were reported. Antibodies responsible for incompatibility often had the following specificities: 11 anti-c, 9 anti-E, 7 antiJk a , 7 anti-K, 6 anti-Fy a , 3 anti-Jk b , 2 anti-M, 2 anti-s, 1 antiFy b , 1 anti-Fy3, 1 anti-Kp a , 1 anti-N, and 1 anti-U (in 16 cases mixtures of these antibodies) [3] . As a secondary immune response is the cause for all delayed HTRs, they are always major incompatibilities. Recently, attention has been drawn to the facts that in some cases of delayed HTR the DAT is positive for a longer time than would be expected by the survival of the transfused RBCs, or that the extent of the drop in the patient's hemoglobin value may exceed the amount of donor RBCs still present in the patient's bloodstream [12] . Especially in patients with sickle cell anemia, this has been seen more frequently (sickle cell hemolytic transfusion reaction syndrome) [13] . There are several possible explanations for this phenomenon: bystander hemolysis of the patient's autologous RBCs that may be caused by cross-reacting alloantibodies or by autoantibodies induced by the immune response, or suppression of erythropoiesis in combination with the hemolytic reaction [14] .
Pathophysiology
HTRs can involve intravascular and extravascular RBC destruction [15, 16] . After formation of an antigen-antibody complex, the classical pathway of complement activation may be started. If complement activation on the RBC surface is complete, the resulting membrane attack complex (C5b6789) will cause intravascular hemolysis. If complement activation is stopped before at the level of C3b, RBCs covered with IgG and C3b will be bound and destroyed by macrophages, predominantly in the liver. Destruction of RBCs covered with C3b alone is much less effective. If no complement activation is induced and RBCs are coated only with IgG, they are removed from circulation mainly in the spleen. Such RBCs can also be bound and destroyed by macrophages, but another mechanism of destruction might act by direct cell-cell contact with large lymphocytes (K cells) releasing perforins (antibodydependent cellular cytotoxicity (ADCC)). Intravascular and extravascular hemolysis can be found in acute HTRs as well as in delayed HTRs. In most cases, both will be present but may predominate differently. The way and extent of hemolysis are influenced by several points [15, 16] : the immunoglobulin class and subclass of the involved antibody are important for the above mentioned mechanisms of RBC destruction (IgM, IgG3, and IgG1 are able to start the classical pathway of complement activation, IgG3 and IgG1 also can initiate extravascular RBC clearance without complement activation). Furthermore, the immunoglobulin class is important for the optimal binding temperature of the antibody: most IgM antibodies prefer temperatures lower than body temperature for binding to RBCs. Hence, they do not (or only at a very low level) activate complement and therefore are not relevant for HTRs, whereas IgG antibodies bind well at 37 °C to RBCs. The specificity of the antibody is important because the density of the corresponding antigen on the RBC surface influences complement activation as the distance between the bound IgG molecules on the RBC membrane must be small enough for the complement molecule C1q to bind to 2 Fc parts of immunoglobulin molecules to start the classical pathway of complement activation. And the more antigen-antibody complexes are formed on the RBC surface, the more sites for complement activation resulting in membrane attack complexes are available. This may be one reason for the clinical severity of many of the ABO incompatibilities, as the number of ABO antigens on RBCs (except for some weak A subgroups) is much greater than that of many other antigens (e.g. Rh antigens). Finally, the titer of the antibody and the amount of incompatible RBCs are relevant for the clinical sequelae of HTRs: for example in the situation of an ABO major incompatibility, a low number of donor RBCs is attacked by a large amount (high titer) of preexisting antibodies in the patient's plasma, whereas in the situation of a ABO minor incompatibility, the donor's antibodies are diluted in the recipient's plasma and distributed over a large number of RBCs. Therefore, even a small volume of ABO incompatible RBCs (as little as 10 ml) can cause clinical symptoms in an awake patient [1] . Larger volumes of incompatible blood will intensify the severity of the disorder to the point of life-threatening or lethal consequences. As delayed HTRs are caused by antibodies other than anti-A or anti-B, and the amount of the boostered irregular antibody is growing over several days, hemolysis is usually slower and clinical symptoms often milder. Nevertheless, in some rare cases, the clinical course may be severe. The clinical consequences of HTRs are triggered via several pathophysiological pathways [1, 15, 17, 18] . In principle, they may be the same for acute and delayed HTRs, but less severe in the latter, as mentioned above. By intravascular RBC destruction, hemoglobin is released into the plasma and bound by haptoglobin, hemopexin, and albumin. If their absorption capacity is exceeded, free hemoglobin passes through the glomeruli and is reabsorbed by the renal tubuli. If this reabsorption capacity is also exceeded, free hemoglobin can be found in the urine. But in contrast to earlier ideas, excretion of free hemoglobin by the kidneys seems not to be the major cause of renal failure in HTRs. Hemoglobin released by intravascular hemolysis and bound to haptoglobin is broken down in the reticulo-endothelial system, as well as hemoglobin released from RBCs destroyed by phagocytosis in extravascular hemolysis. This is followed by a rise in indirect bilirubin, and prehepatic icterus. In the case of massive intravascular hemolysis, hyperkalemia may occur, especially if renal function is disturbed. By the classical pathway of complement activation, the anaphylatoxins C3a and C4a, in the case of complete complement activation also C5a, are formed in HTRs. They release histamine and serotonine from mast cells causing vasodilatation, leakage of plasma through vascular endothelium, and consequent hypotension. A lot of cytokines are released from leukocytes stimulated by intravascular as well as extravascular hemolysis, e.g. IL-1, TNF, IL-6, IL-8, and MCP. They cause a systemic inflammatory response syndrome with fever, hypotension, mobilization of leukocytes from bone marrow, induction of adhesion molecules, and release of tissue factor from endothelial cells as well as activation of neutrophils leading to protease release causing endothelial damage. Activation of FXII (Hageman factor) by immune complexes and by circulating RBC stroma has several consequences, such as activation of the kallikrein-kinin system, the intrinsic clotting cascade, and fibrinolysis. Activation of kallikrein from prekallikrein leads to generation of bradykinin and kallidin from high and low molecular weight kininogen. These kinins increase capillary permeability and cause arteriolar dilatation, resulting in hypotension and deterioration of microcirculation. Disseminated intravascular coagulation (DIC) is not only triggered by activation of the clotting cascade through FXIIa, but also by thromboplastic material released from activated leukocytes, platelets, and damaged endothelial cells. In consequence, DIC triggers disruption of microcirculation by formation of microthrombi, leading to ischemic damage of tissues. Furthermore, consumption of coagulation factors and platelets occurs, which can, in combination with activation of the fibrinolytic system by FXIIa, cause diffuse bleeding. Hypotension provokes a neuroendocrine response including release of catecholamines and activation of the sympathetic nervous system. This leads to vasoconstriction in organs rich in vascular alphaadrenergic receptors, such as kidneys, lung, gastrointestinal tract, and skin. Hypotension, vasoconstriction, and DIC can cause hypoperfusion of these organs, disturbance of their function, and ischemic necrosis, if prolonged. According to current knowledge, this is also the main cause of renal failure in severe HTRs. In the end, progressive shock with multi-organ failure can cause death in untreated HTRs.
Symptoms
In the beginning, the symptoms of an acute HTR often are not specific [1, 2] . If the patient is conscious, he may early on suffer from agitation, chills, a burning sensation at the infusion site, pain in the chest, abdomen or in the back, headache, nausea, vomiting, tachypnea and/or dyspnea. Objective symptoms also can be seen in an unconscious patient, e.g. fever (increase of body temperature > 1 °C), skin changes (e.g. flushing, edema, or paleness), tachycardia, hypotension, and/or urine color change (transparent reddish color). Diffuse bleeding as a sign of DIC or anuria as the consequence of renal failure may follow. Especially in an anesthetized patient where subjective signs are missing, shock, hemoglobinuria, and systemic hemorrhagic state may be the first symptoms of an acute HTR. The symptoms of a delayed HTR may be similar to those of an acute HTR, but are often less severe. Indisposition, fever of unknown origin, and clinical signs of anemia may be present. An unexplained fall of the patient's hemoglobin value and mild jaundice about 1 week after blood transfusion can be symptoms of delayed HTR. Sometimes, hemoglobinuria is seen in a delayed HTR, but renal failure is uncommon. Death caused by a delayed HTR is very rare, but in a critically ill patient, delayed HTR may add to other severe restrictions altogether leading to a lethal outcome. In several cases, however, a delayed HTR after incompatible RBC transfusion shows no clinical symptoms at all but is only recognized -often by chance -by laboratory investigations like a positive DAT or a previously unknown irregular antibody. In such cases, it might be better to call this a delayed serological transfusion reaction (DSTR) [19, 20] . As other life-threatening complications of blood transfusion (i.e. septic shock due to a bacterially contaminated blood component, anaphylactic reaction in a patient with IgA deficiency, or transfusion-related acute lung injury) may also begin with similar symptoms as an acute HTR, it is most important to verify or exclude hemolysis if a patient's condition has worsened in connection with administration of a blood product. On the other hand, one should not forget that symptoms arising during or a short time after blood transfusion may also be caused by another disease completely independent from blood transfusion (coincidence but not causality). Therefore, acute hemolysis in a patient may be caused not only by an incompatible blood transfusion but also by a lot of other reasons [21] [22] [23] [24] [25] [26] (table 1) . In connection with blood transfusion, symptoms similar to an acute HTR may also be seen in the case of administration of hemolyzed blood. This may occur when RBCs are damaged in the blood bag, e.g. by freezing or heating, chemically by addition of incompatible drugs or solutions, mechanically by incorrect component preparation, by bacterial contamination, or by exceeding the storage time. In such a case, free hemoglobin is already elevated in the blood bag. Hemolysis may also occur when the blood passes through the administration device, e.g. by heating with a defect blood warmer, mechanically by passing through a narrow patch under pressure, or chemically by simultaneous infusion of an incompatible solution. In these cases, elevated free hemoglobin is only found in the administration tubing, but not in the blood bag. In contrast to immunologically caused HTR, in both settings of administration of hemolyzed blood, the patient's DAT is negative (or has not changed between before and after the transfusion) [1, 27] .
Laboratory Investigations
In every case of an acute transfusion reaction, hemolysis must be excluded (or proved) immediately. The easiest way is to centrifuge an anticoagulated blood sample of the patient drawn as soon as possible after the event, and to inspect the supernatant for red color. To avoid artificial hemolysis, drawing of the blood sample should be done very carefully without strong suction. Free hemoglobin > 50 mg/dl usually can be recognized by a reddish color of the plasma. For further investigation, free hemoglobin in the patient's plasma can be quantitatively measured in the laboratory. If the urine is red, hemoglobinuria should be distinguished from hematuria by immediate centrifugation of a freshly drawn urine sample. If the supernatant is transparent and reddish, excretion of free hemoglobin can be suspected and proved in the laboratory by using a test strip. As myoglobin can also cause a reddish color of the plasma and the urine, hemoglobin should be distinguished from myoglobin by means of molecule filtration or electrophoresis in patients with severe muscle injuries. Reduction of the haptoglobin concentration in the plasma is a very sensitive marker for hemolysis, but as it is produced in the liver, it may also be reduced in patients with liver damage; and as it is an acute-phase protein, slight hemolysis might be hidden in patients with acute inflammation. Also, hemopexin in the plasma is reduced by hemolysis, but its reduction is less sensitive than that of haptoglobin. A rise in lactate dehydrogenase (LDH) in the plasma is also indicative for hemolysis, but as it is also contained in many other tissues, e.g. myocard, kidney, lymphatic tissue, platelets, liver, and skeletal muscle, elevated LDH activity should always be interpreted together with other signs of hemolysis. Beginning 1 h after acute hemolysis, the bilirubin level also rises in the plasma with a peak at 5-7 h and normalizing about 1 day after the event. In contrast to intra-and posthepatic icterus, in hemolysis, indirect bilirubin in the plasma is elevated. In the urine, excretion of urobilinogen is usually increased, but no excretion of bilirubin is found (can be investigated by test strips) [28] [29] [30] [31] . Also, in the case of a delayed HTR, rise in bilirubin, reduction of haptoglobin, and sometimes slightly elevated free hemoglobin in the patient's plasma can be found. In some cases, hemoglobinuria may also occur. The hemoglobin value of the patient will drop again about 1-2 weeks after blood transfusion without bleeding or other known reasons. The reticulocyte count will rise if the patient's disease allows this reaction, and in the blood smear spherocytes can be seen. For further investigation of an acute HTR, a patient's blood sample drawn after transfusion and the blood bag with the remaining donor blood (and the administration device attached) have to be sent to the laboratory. Also, the patient's pretransfusion blood sample and the donor's blood sample (tube segment) used for the cross-match before transfusion are needed for a complete evaluation. The evaluation of a suspected adverse transfusion reaction should not be performed by the same technician that had done blood grouping and crossmatch before transfusion (to avoid repetition of any mistakes). At first, the DAT of the patient's blood before and immediately after blood transfusion and of the blood from the blood bag is done. If the patient's DAT has become positive (or significantly stronger) after the transfusion, an RBC incompatibility has to be suspected as the reason for the HTR, provided that the donor's RBCs show a negative DAT. The next step is to check the identity (at least by testing ABO and D) of the patient's pre-and posttransfusion blood samples as well as of the donor's blood from the blood bag and the sample used for cross-match (in the case of a RBC transfusion). If there has been an error in the patient's identification or a sample mix-up or mislabeling of the blood unit, it must be checked at once whether another patient is also at risk to be transfused with a wrong blood product. All false results or records must be revised immediately to avoid further errors. A written report about all the results of the evaluation of a suspected transfusion reaction has to be given to the clinicians. Further evaluation of a HTR caused by transfusion of a RBC concentrate includes antibody screening tests from the recipient before and after transfusion as well as repetition of the cross-matches with the patient's plasma (before and after transfusion) and the RBCs from the blood bag. If an FFP or a PC has caused the HTR, ABO typing and an antibody screening test of the donor's plasma should be performed as well as a cross-match with the patient's RBCs (before and after transfusion) and the plasma from the blood bag. If the polyspecific DAT is positive, it should be further examined by monospecific DATs (for immunoglobulins and for complement factors C3c and C3d), and an antibody elution from the RBCs should be done to identify the antibody. Also, if an antibody screening test in the plasma and/or the crossmatch is positive, antibody identification has to be carried out.
If an antibody has been identified in the patient, the absence of the corresponding antigen in the pretransfusion sample indicates an alloantibody. To prove that the HTR has been caused by the suspected blood bag, the corresponding antigen has to been shown on the donor's RBCs.
As transfusion of hemolyzed blood may be followed by the same symptoms as an acute HTR, free hemoglobin should be measured in the supernatant from the blood bag and, if negative there, also in the administration tube, if no RBC incompatibility is found. Furthermore, sterility testing of the blood product should be performed, and blood cultures from the patient should be drawn because bacterial contamination of the blood product may cause symptoms similar to a HTR as well as some kinds of bacterial sepsis of the patient independent of blood transfusion. If a HTR is suspected, but no antibody was revealed by the antibody screening test and the cross-match, these tests should be repeated with further blood samples drawn from the patient during the next 2 weeks as the antibody might be boostered by the blood transfusion and found in one of the following blood samples.
In the case of a delayed HTR, a positive DAT and/or antibody screening test may arise some days after blood transfusion. Identification of the 'new' antibody in the patient's plasma or in the eluate can be performed now. To distinguish an alloantibody causing a delayed HTR from a newly formed autoantibody, the corresponding antigen on the patient's pretransfusion blood sample must be investigated. Therefore, it is necessary to keep the blood sample used for cross-match for at least 10 days in the laboratory (stored at 4 °C) according to German transfusion guidelines [32 (4. 
Treatment
Irrespective of the cause of a severe acute adverse transfusion reaction, at first the transfusion has to be stopped and the venous access maintained by infusion of normal saline (0.9% sodium chloride). The patient has to be examined and evaluated immediately by the responsible physician. The identity of the patient and the blood product must be checked, and the ABO bedside test should be repeated from the patient and additionally from the blood bag. Hemolysis has to be excluded or proved by centrifugation and inspection of a freshly drawn blood sample of the patient as soon as possible. Then, a posttransfusion blood sample from the patient and the blood bag with the rest of its content should be sent to the laboratory for further investigations (see above). To assess the patient's condition, several laboratory parameters should be monitored during the next days: electrolytes (Na + , K + ), arterial blood gas status (pH, pO2, pCO2, HCO3 -), coagulation (aPTT, prothrombin time, fibrinogen, antithrombin, fibrin monomers, and D- dimers), blood cell counts (RBCs, hemoglobin, hematocrit, white blood cells, and platelets), and serum creatinine [1, 2] . Irrespective of the kind of adverse transfusion reaction, corticosteroids (e.g. prednisolone) and antihistamines (e.g. clemastine or dimentiden) are given (intravenously (i.v.)) to relieve the symptoms. If necessary, aspirin-free analgesics and antipyretics (e.g. paracetamol), antiemetics, and/or sedatives are administered [1] .
In the case of a severe transfusion reaction, basic life support has to start at once. The patient should be transferred to a critical care unit where his vital parameters (blood pressure, heart rate, respiration) and urine production can be monitored continuously. Hypotension has to be treated vigorously by volume substitution (under control of central venous pressure or pulmonary capillary wedge pressure) and catecholamines (e.g. adrenalin, if blood pressure remains low in spite of volume substitution). Views differ on the effect of dopamine in low doses (2-5 μg/kg · min), not decreasing the renal blood flow, in this situation [1] . Acidosis should only be balanced cautiously by NaHCO3 -i.v., avoiding hypernatremia in the case of reduced renal function. To prevent patients from producing new irregular antibodies, RBC concentrates without those antigens that are not present in the recipient should be selected for transfusion. As this principle cannot be followed for a greater number of antigens because of logistic reasons, the antigens considered should be selected by their immunogenicity and their frequency in the population. The latter is responsible for the probability that an antigen-negative recipient will be transfused with blood from an antigen-positive donor if the antigen is not tested and considered, and for the chance to find an antigen-negative RBC concentrate at a later time if the patient would have produced an irregular antibody against this antigen [35] . Rh antigen D is the most immunogenic antigen (about 20-30% probability of immunization if a D-positive RBC concentrate is given to a D-negative patient [36] ). Therefore, it should be considered for all RBC transfusions except special emergency situations such as an urgent transfusion in a male or a postmenopausal female patient, if 
